Background
Community-acquired pneumonia (CAP), an infection of the terminal airway and the alveolar and pulmonary interstitium, is the leading cause of community-acquired infection requiring hospitalization [1] . Due to the highly infectious nature and drug resistance of the causative pathogens, as well as the high death rate, CAP has become a medical burden in the Asia-Pacific region, Europe, the USA, and various other parts of the world [2] . Several cytokines, including tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-10, type I interferon (IFN), and IFN gamma-induced protein (IP)10, have been reported to play important roles in the pathogenesis of CAP caused by various pathogens [3] [4] [5] . TNF-a and IL-6 are well-established essential proinflammatory proteins, and IL-10 is one of the most crucial anti-inflammatory cytokines [6] . Additionally, type I IFN, the key factor in viral infection, has been shown to inhibit inflammasome activation and upregulate IP10 production [7, 8] .
Interferon regulatory factor 5 (IRF5) is a transcription factor that regulates inflammatory and immune responses; it is mainly expressed in dendritic cells (DCs), B cells, macrophages, and monocytes [9] . IRF5 plays a central role in the inflammatory responses induced by toll-like receptor (TLR) activation [10] . The main pathogens that lead to CAP include bacteria, viruses, and mycoplasma, and the inflammatory response pathways vary among different pathogens [11] . For example, the lipopolysaccharide (LPS) of bacteria activates the TLR4 pathway, single-stranded (ss)RNA viruses activate the TLR7/8 pathways, and DNA and CpG oligodeoxynucleotides (CpG ODN) activate the TLR9 pathway. The activation of the TLR4/7/9 pathways can subsequently activate IRF5 through the MyD88®TRAF6/IRAK1/IRAK4 pathway [12] . Thus, IRF5 may be involved in the inflammatory responses of CAP caused by bacteria or ssRNA viruses. Furthermore, in concert with nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), IRF5 induces type I IFNs, cytokines such as IL-6, TNF-a, IL-12, and IL-10, and chemokines such as macrophage inflammatory protein 1-alpha (MIP-1-a) and IP10 [13] , all of which have been reported to play important roles in the pathogenesis of CAP. A recent study showed that the nucleotide-binding oligomerization domain containing (NOD)2-IRF5 pathway was the major factor in causing severe pneumonia and death in a murine model of Staphylococcus aureus pneumonia through the induction of type I IFN [14] . These findings suggest that IRF5 may be involved in the inflammatory response to CAP.
CAP caused by influenza virus has been historically associated with high mortality [15] . Notably, several findings indicate that IRF5 may play a central role in CAP resulting from influenza virus infection. The induction of type I IFNs by viruses is crucial for a successful innate immune response, and type I IFN induction is primarily controlled by several transcriptional factors, particularly interferon regulatory factors (IRFs) [16] . The IRF family is composed of 9 members (IRF1 to IRF9), which are characterized by 2 major domains, a highly conserved amino (N)-terminal DNA-binding domain and a C-terminal IRF association domain (IAD) [17] . These regions are important in mediating the interaction with transcription co-activators [18] . IRF5, a member of the IRF family, leads to the production of several inflammatory cytokines, such as IL-10 and IFN-a [19] , and, in this manner, it plays a vital role in the induction of antiviral and inflammatory responses [20] . Influenza virus, as a ssRNA virus, is a natural ligand for TLR7, and it activates the TLR7 signal through a MyD88-dependent pathway, thus mediating the inflammatory response; notably, IRF5 is a key regulator of the TLR7 signal [21] . In a previous study, when IRF5 -/-mice were infected with vesicular stomatitis virus (VSV) or Newcastle disease virus (NDV), their serum levels of type I IFN decreased [22, 23] . More recent work demonstrated that IRF5 is involved in IFN beta (IFNb) gene induction mediated by West Nile virus or murine norovirus infection [24] , indicating that IRF5 may play a central role in the TLR7 pathway induced by ssRNA viruses, such as VSV, NDV, West Nile virus, and influenza virus. Therefore, research on IRF5 may improve understanding of the immune response to CAP caused by influenza virus infection.
Although inflammatory cytokines have been repeatedly demonstrated as being important in the pathogenesis of CAP, the responsible mechanism is still not fully understood. Because IRF5 is an important proinflammatory regulatory factor, and a variety of cytokines are dependent on IRF5, this study aimed to determine if IRF5 and IRF5-mediated inflammatory cytokines play a role in CAP. We compared the mRNA and protein expression levels in peripheral blood between CAP patients and healthy controls as well as the mRNA levels in bronchoalveolar lavage fluid samples between CAP patients and lung cancer patients (samples taken from the unaffected lung). We also assessed whether these factors are related to CAP severity by comparing their expression levels between cases of mild and severe CAP.
Material and Methods

Patients and controls
From November 2015 to May 2017, peripheral blood was collected from 71 CAP patients, and bronchoalveolar lavage fluid samples were collected from 20 CAP patients and 23 lung cancer patients, all of whom were recruited at the Department of Respiratory Medicine. During this period, peripheral blood was also collected from 31 healthy controls who were recruited at the Physical Examination Center, The First Affiliated Hospital of Jilin University, Changchun, China. All subjects gave their informed consent for inclusion before they participated in the study. The study was approved by the Human Ethics Committee of Jilin University. Individuals were excluded from being healthy controls if they had medically relevant conditions, including autoimmune diseases, human immunodeficiency virus (HIV) infection, cancer, pregnancy, other infectious diseases, or lung diseases. CAP was defined as the presence of new infiltrate on a chest radiograph in combination with at least 2 of the following criteria: cough, sputum production, temperature of >38°C or <35°C, auscultatory findings consistent with pneumonia, C-reactive protein (CRP) level of >15 mg/L, or leukocytosis or leukopenia (white blood cell [WBC] count of >9.5×10 9 cells/L or <3.5×10 9 cells/L, respectively, or >10% rods in leukocyte differentiation) [11] . All CAP patients were treated with an appropriate antibiotic. Individual patients were excluded from the CAP subject group if they had concomitant conditions, including autoimmune diseases, HIV infection, cancer, pregnancy, or other infectious diseases. Individual lung cancer patients were excluded from the study if they had concomitant conditions, including autoimmune diseases, HIV infection, or other infectious diseases.
RNA isolation and quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR)
The WBCs obtained from peripheral blood and bronchoalveolar lavage fluid samples were homogenized in 1 ml of Trizol reagent (CWBIO, Beijing, China) to isolate the total RNA, which was subsequently reverse-transcribed using a cDNA Synthesis Kit (TransGen Biotech, Beijing, China) according to the manufacturer's instructions. The target mRNA was identified by the following specific forward and reverse primers: GAPDH: 5'-ACTGGCGTCTTCACCACCAT-3' and 5'-GCAGGAGGCATTGCTGATGA-3'; IRF5: 5'-GGGAAATACACCGAAGGCG-3' and 5'-TCCTGCACCAAAAGAGTAATCCT-3'; IL-6: 5'-CTGGCAGAAAACAACCTGAAC-3' and 5'-ATGATTTTCACCAGGCAAGTC-3'; TNF-a: 5'-CATCTTCTCGAACCCCGAGT-3' and 5'-GGATACCACTCCCAACAGACC-3'; IFN-a: 5'-CTGGCACAAATGGGAAGAAT-3' and 5'-CTTGAGCCTTCTGGAACTGG-3'; IP10: 5'-AACTGTACGCTGTACCTGCAT-3' and 5'-GCATCGATTTTGCTCCCCTC-3'; IL-10: 5'-GGCTTGTCACTCGGGGTTCG-3' and 5'-GCCAAGCCTTGTCTGAGATGA-3'. The qRT-PCR was performed using SYBR Green and a Light Cycler 480 system (Roche, Shanghai, China). A two-temperature cycle of 95°C for 15 s and 60°C for 1 min (repeated for 40 cycles) was used. Relative quantities of transcripts were calculated using the DDCt method with GAPDH as a reference [25] .
Blood processing and flow cytometry
Whole blood samples (30 µl each) were stained with PerCPCy5.5-anti-CD45 (BD PharMingen, San Diego, CA, USA) for 20-30 min in the dark, after which the red blood cells were lysed. The nuclei were then fixed and permeabilized using Transcription Factor Buffer (BD Biosciences, San Jose, CA, USA) for 40-50 min, followed by endonuclear staining with APC-anti-IRF5 (Novus) for 40-50 min at 4°C. The percentages of IRF5 + WBCs were determined by flow cytometry using a FACS Calibur (BD Biosciences) and FlowJo software (v.7.6.1) (TreeStar, Ashland, OR, USA).
Cytometric bead array (CBA) for measuring serum cytokine levels
We used a CBA flex set to determine the concentrations of serum TNF-a, IL-6, IL-10, IP-10, and IFN-a according to the manufacturer's protocol (BD Biosciences); flow cytometry was performed on a FACS Calibur (BD Biosciences). The concentrations of serum cytokines were quantified using CellQuestPro and CBA software (BD Biosciences).
Statistical analysis
Differences among normally distributed variables were analyzed using a Student's t-test. For variables that were not normally distributed, a Mann-Whitney U test was used. A Spearman's test was used for correlation analysis. Values of p<0.05 (twotailed) were considered to be statistically significant. Statistical analyses were performed using Prism 5.0 (GraphPad Software, San Diego, CA, USA) and SPSS 21.0 statistical software package (SPSS Inc., Chicago, IL, USA).
Results
General characteristics of study participants
The main study included a total of 102 volunteers (71 CAP patients and 31 healthy controls). The severity of CAP was assessed using the CURB-65 score, in which 1 point was assigned for each of the following criteria: confusion, blood urea nitrogen of ³7 mmol/L, respiratory rate of ³30/min, blood pressure of £90/60 mm Hg, and age of ³65 years. Patients scoring ³3 points were considered to have severe CAP, while the remaining patients were considered to have mild CAP. We divided the patients into 2 groups based on this definition; the mild pneumonia (mild CAP) group was composed of 36 cases, and the severe pneumonia (severe CAP) group was composed of 35 cases. The general patient characteristics of these groups are shown in Table 1 . Age and smoking habits might be risk factors for the severity of CAP (p=0.011 and p=0.024, respectively). To investigate the role of IRF5 in CAP, we analyzed the mRNA expression levels of IRF5 and its downstream factors IFN-a, IL-6, IL-10, IP10, and TNF-a in the peripheral WBCs of CAP patients. Unfortunately, data from some samples are missing due to faulty operation ( Figure 1 ). We found that the mRNA levels of IRF5 and IFN-a were significantly higher in the WBCs of CAP patients compared with healthy controls (p<0.0001 and p=0.0334, respectively), but they had little relation with the severity of illness. The IL-10 and IP10 mRNA levels were similarly higher in the WBCs of CAP patients compared with healthy controls (p<0.0001 and p=0.019, respectively), but they were additionally associated with the severity of illness (p<0.0001 and p=0.046, respectively). The overall change in the TNF-a mRNA level was significantly higher in CAP patients compared with healthy controls (p=0.021), and severe CAP patients had a lower level of TNF-a mRNA than did mild CAP patients (p=0.0015). This result may indicate that the excessive production of TNF-a suppressed its own expression as the patient's condition deteriorated. The dynamic expression levels show that the IRF5, IL-6, IFN-a, and IP10 levels peaked on day 2 and then decreased, while the level of IL-10 increased as the disease progressed. Figure 2) . The results show that the IRF5 protein level in patients with CAP was significantly higher than that in healthy subjects (p=0.0001), and the IRF5 protein level in patients with severe CAP was significantly higher than that in patients with mild CAP (p=0.0063). Moreover, the IRF5 protein level in patients with a short course (£7 days) of illness was significantly higher than that in patients with a longer course (>7 days) of illness (p=0.0058). We monitored the IRF5 protein expression level at different time points in one patient with severe CAP and found that it decreased as the disease progressed.
IL-6, IL-10, and IP10 are indicators of CAP severity and prognosis
To investigate the role that IRF5 may play in the development of CAP, we measured the levels of IFN-a, IL-6, IL-10, IP10, and TNF-a, which are all downstream factors of IRF5, in serum samples from 31 healthy donors and 71 patients, including 36 patients with mild CAP and 35 patients with severe CAP. The results show that the expression levels of these factors were significantly higher in patients with CAP compared with 
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healthy controls (p=0.021 for IFN-a; p<0.0001 for IL-6, IL-10, and IP10; p=0.001 for TNF-a), and the expression levels of IL-6, IL-10, IP10, and TNF-a were significantly different in patients with mild CAP compared with the levels in those with severe CAP (p<0.0001 for IL-6, IL-10, and IP10; p=0.020 for TNF-a). The expression levels of these cytokines decreased as the patient's condition improved ( Figure 3A ).
We also collected serum samples from 14 patients (7 cases that improved and 7 cases that died) on the first day and seventh day after admission ( Figure 3B ) and found that the expression levels of IL-6, IL-10, and IP10 significantly decreased in the patients who had a good prognosis (p<0.05 for all) but showed no significant changes in the patients who had a poor prognosis. Therefore, IL-6, IL-10, and IP10 are indicators of the severity of inflammation and the prognosis of patients with CAP. More interestingly, we found that the levels of serum IL-6 and IL-10 were positively correlated with the percentages of neutrophils, lymphocytes, and monocytes, as well as with the values of platelet (PLT) and C-reactive protein (CRP) in CAP patients, whereas the IP10 serum level was positively correlated with the percentages of neutrophils and lymphocytes but not with that of monocytes. Therefore, the significant correlation of the IL-6, IL-10, and IP10 levels with PLT and CRP values further supports the idea that IL-6, IL-10, and IP10 are major factors that affect the severity of CAP (Table 2) .
mRNA levels of IRF5 and its related cytokines increased in bronchoalveolar lavage cells of CAP patients
To study changes in the levels of IRF5 and IRF5-mediated inflammatory factors in the lung tissue, we collected bronchoalveolar IRF5 protein levels in the peripheral blood of CAP patients. Whole blood samples were stained with PerCP-Cy5.5-anti-CD45 followed by endonuclear staining with APC-anti-IRF5. The percentages of IRF5 + WBCs were determined by flow cytometry. HC -healthy controls; Short -short course CAP patients; Long -long course CAP patients. Comparisons between 2 groups were performed using the Mann-Whitney U test (HC vs. Total; Mild vs. Severe; Short vs. Long). Data are presented as the mean ±SEM (n=12 for HC, n=38 for total CAP patients, n=22 for mild CAP patients, n=16 for severe CAP patients, n=17 for short course patients and n=21 for long course patients). P<0.05 was considered to indicate a statistically significant difference. Table 3 . Comparisons were conducted between the controls and CAP patients as well as between the mild CAP patients and severe CAP patients (Figure 4) . We found that, compared with the control group patients, the mRNA levels of IFN-a, IL-6, and IP10 were significantly higher in CAP patients (p=0.0312, p=0.049, and p=0.0132, respectively), whereas the level of TNF-a was significantly lower in CAP patients (p=0.021). Furthermore, the IRF5 mRNA expression level was significantly higher in patients with severe CAP compared with mild CAP patients (p=0.0150). The IL-6 expression was also associated with the severity of illness (p=0.001), as were the IP10 and IL-10 levels (p=0.0006 and p=0.0015, respectively). However, the IFN-a level was not significantly different between mild and severe CAP patients.
Interestingly, the TNF-a expression level was significantly lower in patients with severe CAP than in patients with mild CAP (p=0.040). Thus, IRF5 may participate in the inflammatory response in the lung tissue of patients with CAP.
IRF5 expression is associated with CAP caused by influenza virus infection
Because different pathogens activate different inflammatory response pathways, we hypothesized that IRF5 expression might be associated with the causative pathogen of CAP. To test this idea, we compared the IRF5 expression levels between 10 CAP patients infected with influenza A virus who were in the early stage of illness and 10 CAP patients infected with bacteria. The results show that the mRNA levels of IRF5 and IFN-a in the influenza virus-infected group were both significantly The serum levels of IL-6, IL-10, and IP-10 in 14 patients (7 cases who improved and 7 cases who died) on the first day and seventh day after admission. HC -healthy controls. Differences among normally distributed variables were analyzed using the Student's t-test. For non-normally distributed variables, the Mann-Whitney U test was used. Data are presented as the mean ±SEM (n=31 for HC, n=71 for total CAP patients, n=36 for mild CAP patients, and n=35 for severe CAP patients). P<0.05 was considered to indicate a statistically significant difference. 
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higher than those in the bacteria-infected group (p=0.0019 and p=0.0005, respectively), and the IRF5 mRNA level was positively correlated with the IFN-a mRNA level (R=0.5940, p=0.0058) ( Figure 5A ). Furthermore, the IRF5 and IFN-a protein levels were significantly higher in patients infected with influenza virus compared with bacteria-infected patients (p=0.0002 and p=0.012, respectively). We also found that the IRF5 protein levels were positively correlated with the IFN-a protein levels (R=0.7304, p=0.0004) ( Figure 5B ).
IL-6 (R, P) IL-10 (R, P) IP10 (R, P) IFN-a (R, P) TNF-a (R, P) Table 2 . General description of lung cancer patients and CAP patients.
Data are presented as median ±SD or n (%). N -number of individuals; CO -controls (lung cancer patients); CAP -community-acquired pneumonia patient; ND -not detected; WBC -white blood cell; NE -neutrophil; PLT -platelet; BUN -blood urea nitrogen; CRP -C-reactive protein; ESR -erythrocyte sedimentation rate.
Discussion
IRF5 plays an important role in the inflammatory response to CAP, especially when the CAP illness is caused by influenza virus. We found that the expression levels of IRF5 and its downstream factors, IFN-a, IL-6, TNF-a, and IL-10, are significantly higher in patients with CAP than in healthy control patients. We also determined that the IRF5 expression levels are positively correlated with the IFN-a expression levels in CAP patients and that the expression levels of IRF5 and IFN-a are both significantly higher in patients with CAP caused by influenza virus infection than in patients with CAP caused by bacterial infection.
The influenza virus is a ssRNA virus, and, as a natural ligand of TLR7, it can activate the TLR7 signaling pathway, which mediates an inflammatory response [26] . Given that the ssRNA-induced TLR7-mediated inflammatory response is severely impaired in the case of IRF5 deficiency [12] , IRF5 is likely a key regulator of the TLR7 signal [21] . It has been shown that overexpression of IRF5 in humans can stimulate the expression of type I IFN genes after viral infection, whereas a knockdown of IRF5 by siRNA can reduce the induction of type I IFN in response to TLR7 ligands [27] . Therefore, we speculate that after influenza virus infection, the virus activates the TLR7 pathway, stimulates IRF5 activation, and induces the expression of IFN-a. In contrast, the bacteria in bacteria-infected CAP patients mainly activate the expression of IRF3 and downstream IFN-b through the TLR4 pathway [13] . The cytokine storm triggered by influenza virus infection has been demonstrated to be the main promoter of acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) [28, 29] , and type I IFN may be an important factor for the induction of ALI by CAP due to influenza virus infection [30] . Our study results suggest that IRF5 may play an important role in the induction of cytokine storm by influenza virus. Additionally, our data indicate that IRF5 may be useful in the diagnosis of influenza virus-induced CAP and Severe) was used for statistical analysis. Data are presented as the mean ± SEM (n = 23 for controls, n=20 for total CAP patients, n=14 for mild CAP patients, and n=6 for severe CAP patients). P<0.05 was considered to indicate a statistically significant difference.
that IRF5 could be a potential drug target for the treatment of influenza virus-induced severe CAP and ALI.
We found that in both the peripheral blood and lung tissue, expression levels of IRF5, IL-6, IL-10, and IP10 in patients with severe CAP were significantly higher than those in patients with mild CAP, suggesting that IRF5 may be related to the severity of inflammation caused by CAP and may affect the outcome of CAP. Therefore, we speculate that the inflammatory response mediated by IRF5 may play a critical role in patients with CAP. Cytokine storm is an important cause of death in patients with severe pneumonia [31] . Thus, the detection of cytokines and the inhibition of high cytokine expression levels in patients with severe pneumonia may offer a way to treat severe pneumonia.
Our results demonstrate that IRF5 has higher expression levels in patients who are in the early phase of CAP than in those who have had a longer course of illness before treatment. In addition, the WBCs expressing IRF5 are mainly neutrophils and monocytes. According to previous work, IRF5 is activated much earlier than either IRF3 or IRF7, both of which are downstream transcription factors of the TLR7/9 pathway [32] . IRF5 specifically promotes the expression of early inflammatory cytokines, such as IL-8, to recruit a large number of neutrophils and induce inflammatory responses [33] , indicating that IRF5 may partially contribute to producing an inflammatory response. Our previous study also demonstrated that IRF5 is a transcription factor in the early phase of inflammation. The intraperitoneal injection of MS19, which has a sequence similar to that of IRF5-binding sites, into mice was able to reduce the amount of neutrophils in the early phase of pulmonary inflammation and decrease the TNF expression in lung homogenates of animals intranasally infected with influenza virus FM1 [34] . Therefore, IRF5 might be a key transcription factor in the early phase of CAP.
This study has some limitations. Ideally, the bronchoalveolar lavage fluid samples should have been collected from healthy controls rather than from lung cancer patients. However, due to the invasive nature of bronchoscope examination, we were unable to collect this type of sample from healthy controls. Additionally, the CURB-65 score of CAP severity is a limited measurement; the severity of CAP is also reflected by the length of hospital stay, admission to the intensive care unit (ICU), and 30-day mortality, none of which are included in the CURB-65 score. Lastly, due to the inherent limitations of human studies, studies using animal models are needed to confirm the Comparisons between 2 groups were performed using the Mann-Whitney U test. Correlations were tested using the Spearman's test. P<0.05 was considered to indicate a statistically significant difference.
